We show that LHC experiments might well be able to determine all the parameters required for a prediction of the present density of thermal LSP relics from the Big Bang era. If the LSP is an almost pure bino we usually only need to determine its mass and the mass of the SU (2) singlet sleptons. This information can be obtained by reconstructing the cascadeq L →χ 0 2 q →l R ℓq →χ 0 1 ℓ + ℓ − q. The only requirement is that ml R < mχ0 2 , which is true for most of the cosmologically interesting parameter space. If the LSP has a significant higgsino component, its predicted thermal relic density is smaller than for an equal-mass bino. We show that in this case squark decays also produce significant numbers ofχ 0 4 andχ ± 2 . Reconstructing the corresponding decay cascades then allows to determine the higgsino component of the LSP.
Introduction
The Minimal Supersymmetric Standard Model (MSSM) [1] is one of the most promising extensions of the Standard Model. It offers a natural solution of the hierarchy problem [2] , amazing gauge coupling unification [3] , and Dark Matter candidates [4] . If Nature chooses low energy supersymmetry (SUSY), sparticles will be found for sure, as they will be copiously produced at future colliders such as the Large Hadron Collider (LHC) at CERN or TeV scale e + e − linear colliders (LC). The LHC would be a great discovery machine if SUSY breaking masses lie below a few TeV [5] . On the other hand, there are several on-going and future projects searching for LSP Dark Matter. One of them even claims a positive signal [6] , although the current situation is rather contradictory [7] . In any case, it seems very plausible that both SUSY collider signals and LSP Dark Matter in the Universe will be found in future.
Recently interesting possibilities have been pointed out where non-thermal production of Dark Matter is significant [8, 9] . Generally the known bound from the thermal LSP density may easily be evaded by assuming a low post-inflationary reheating temperature of the Universe, without endangering the standard successes of Big Bang cosmology [10] . If the reheating temperature is below the neutralino decoupling temperature, the relation between neutralino pair annihilation rates and the mass density of the Universe disappears. The mass may then be determined by other parameters, such as the Q ball formation rate and decay time [9] , or the moduli masses and their decay rates to LSPs [8] .
While these non-thermal mechanisms open exciting new possibilities, direct experimental or observational tests of them might be difficult, since they all have to occur before Big Bang nucleosynthesis (BBN).
1 It is therefore interesting to determine 1. the actual LSP relic density, both "locally" (in the solar system) and averaged over the Universe; and 2. the predicted thermal LSP relic density, as precisely as possible. These quantities are closely related to the mass and interactions of the LSP. A positive difference between the actual and predicted LSP density would indicate the existence of non-thermal relics, whereas a negative difference would hint at large entropy production below the LSP freeze-out temperature (e.g. due to a low reheating temperature). The matter density in the Universe divided by the critical density, Ω matter , is claimed to be tightly constrained already; Ω matter = 0.35 ± 0.07 [12] . On the other hand, the thermal relic density of the Universe Ωχ0 1 h 2 (h = 0.65 ± 0.05) has been calculated through the mass and interaction of the LSP, which is likely to be the lightest neutralinoχ 0 1 . In the absence of direct production of sparticles we have to rely on experimental lower bounds on sparticle masses as well as naturalness arguments to conclude that the predicted Ωχ0 1 h 2 lies somewhere between 10 −3 and 10 3 ; clearly this is not a very useful prediction, although it is encouraging that this wide range at least includes the correct value. The purpose of this paper is to discuss how future LHC experiments can contribute to the determination of the MSSM parameters that are needed to predict the thermal LSP relic density and the LSP-nucleon scattering cross section. Our goal is thus somewhat different from that of ref. [13] , where it was simply assumed that all relevant parameters had somehow been determined by various experiments, with given errors; the main emphasis was on estimating the resulting uncertainties in the predictions of the thermal LSP relic density and the LSP-nucleon scattering cross section. In contrast, we discuss in some detail how these parameters can be determined, and with what errors.
The determination of mass parameters has been discussed in detail in the minimal supergravity (mSUGRA) model, where one assumes universality of scalar masses and of gaugino masses at the scale M X of Grand Unification [14] . In Sec. 2, we point out thatχ 0 2 →ẽ R is open for most parameters giving a reasonable LSP density, making the determination of mχ0 2 , mχ0 1 and mẽ R possible at the LHC. We demonstrate that the mass density is determined by the LSP and slepton masses, if the LSP is mostly a bino as expected in mSUGRA. In this case Ωχ0 1 can be predicted to about 10 to 20% accuracy. In Secs. 3 and 4 we discuss a non-mSUGRA scenario. In Sec. 3 we relax the assumption of universal scalar masses for Higgs bosons. It is then easy to find cases with comparable higgsino and gaugino masses, µ ∼ M, while keeping all squared scalar masses positive at M X . The LSP then has a significant higgsino component, so that its density cannot be predicted by only studyingχ 0 2 →ẽ R →χ 0 1 decays. The situation is further complicated if we also relax the assumption of universal gaugino masses, since the neutralino mass matrix then depends on three independent, unknown mass parameters. We point out that the cascade decayχ + 2 → ν L →χ + 1 can then often be identified, providing clear evidence that µ ∼ M. In Sec. 4 we present a detailed case study with µ ∼ M 2 to confirm the potential of LHC experiments to analyzeχ + 2 cascade decays; this allows a complete determination of the neutralino mass matrix (in the absence of CP-violating phases). Sec. 5 is devoted to discussions.
Ωχ0

in mSUGRA
In the minimal supergravity model one assumes universal soft breaking parameters at the GUT scale: a universal scalar mass m, universal gaugino mass M, universal trilinear coupling A, and Higgs mass parameter B. The renormalization group evolution of soft breaking squared Higgs masses then leads to consistent breaking of the electroweak symmetry, provided the higgsino mass parameter µ can be tuned independently. In this paper, we chose the weak scale input parameters m b (m b ) = 4.2 GeV, m t (m t ) = 165 GeV, and tan β. We minimize the tree level potential at renormalization scale Q = √ mtm t , which reproduces the correct value of µ obtained by minimizing the full 1-loop effective potential. We include loop corrections to the masses of neutral Higgs bosons, including leading two-loop corrections [15] . The mass density Ωχ0 1 h 2 of the LSP is calculated from the pair annihilation cross section by using the expressions [16] 
except near regions of parameter space where special care is needed. Here M P = 1.22 · 10
19
GeV is the Planck mass, and a and b are the first two coefficients in the Taylor expansion of the pair annihilation cross section of the LSP with respect to the relative velocity v of the LSP pair in its center of mass frame. g * is the effective number of relativistic degrees of freedom at LSP freeze-out temperature T F . The expansion in v breaks down around s−channel poles; here the thermal average is calculated numerically, using the formalism given by Griest and Seckel [17] . We also take into account sub-threshold annihilation into hh and W + W − final states. When the LSP is higgsino-like, coannihilation ofχ [18, 19] .
The annihilation modesχ 0 1χ
2 → ff are approximated by s−channel W and Z exchange, respectively;χ 0 1χ + 1 → W γ is also included. All other higgsino coannihilation modes are treated assuming SU(2) invariance. We also include one loop radiative corrections to the mass splitting of higgsino-like states [20] . We do not includeχ for moderate values of m and M (below ∼ 500 GeV). This is a rather model independent result [21] . Large positive corrections to squark masses from gaugino loops, together with the large top Yukawa coupling, drive the squared soft breaking Higgs mass m 2 2 negative at the weak scale. On the other hand, correct symmetry breaking requires m
One has to make µ large to obtain the correct electroweak symmetry breaking scale, if scalar masses and gaugino masses are of the same order.
If slepton masses are moderate, the LSP is bino-like, and one is sufficiently far away from s−channel poles (2mχ0 1 = m Z , m Higgs ), the mass density is essentially determined by t−channel e R exchange [19] . This is because 1. A pure bino couples only to fermion and sfermion, or Higgs and higgsino. Higgsino exchange is suppressed for
2. mẽ R < mẽ L ≃ mν ≪ mq in mSUGRA, thereforeẽ R exchange is least suppressed by large masses in the propagator.
The hypercharges of sleptons satisfy the relation Yẽ
This can be seen in Fig. 1 a) -d), where Ωχ0
Here σB is the scaled bino pair annihilation cross section in the limit where mẽ R ≪ mẽ L , mq [19] ,
We find that the mass density increases with increasing M ∝ mχ0 1 and m; m is essentially proportional to mẽ R for m ≥ M. Dotted lines are for constantχ 0 1 mass. The fact that it basically only depends on M indicates that the LSP is indeed bino-like. The mass density becomes very small for mχ0 1 = m Z /2, because LSP pair annihilation through Z exchange is enhanced. In Fig. 1 c) and 1d) we show contours of constant b. Although Ωχ0 1 h 2 changes by more than a factor of 4, the change of b is very small over the wide range of parameter region with M > 160 GeV, again confirming the bino-like nature of the LSP for the mSUGRA case.
The tan β dependence is also very weak, as can be seen in Fig. 2 a) and b). This again shows that the LSP is bino dominant, and bino-higgsino mixing, which is controlled by the offdiagonal elements of the neutralino mass matrix, has negligible effect on the LSP relic density for the parameters given in the plot. For sufficiently heavyχ We now show that analyses of sparticle production at the LHC would lead to tight constraints on the predicted thermal relic density Ωχ0 (Fig 1 a,b ) and b factor (Fig 1 c,d ) in the (m,M ) plane for tan β = 10 (a,c) and 4 (b,d). We take µ > 0. Contours of constant mχ0 Here j refers to one of the two hardest jets in the event. In most cases it is chosen such that it has the smaller jll invariant mass; this is meant to select the jet from the primaryq →χ 0 2 q decay. However, m min jll is reconstructed by taking the jet which gives the larger jll invariant mass, in order to avoid contamination. Those end points are given by the analytical formulae [14] :
In addition to those quantities, one can measure the end point m min jl of the distribution of the smaller of the two m jl values. It can be expressed as
Because there are only four masses involved, the last end point is redundant, but might be useful to cross check the decay kinematics.
2
For the example studied in [14] , the so-called "point 5", m = 100 GeV and M = 300 GeV, which results in mχ0 2 = 233 GeV, mẽ R = 157.2 GeV and mχ0 1 = 121.5 GeV. The errors on mẽ R and mχ0 1 are strongly correlated and are found to be 12% for mχ0 1 and 9% for mẽ R . Within the framework of mSUGRA the measured LSP mass excludes the possibility that s−channel poles are important for the LSP pair annihilation cross section (see below). We find that the corresponding error on σB, and hence on the prediction for Ωχ0 1 h 2 , for this parameter point is 20%. If the error (which is dominated by systematics associated with uncertainties of signal distributions) is reduced by a detailed study of various signal distributions, the error on σB may go down below 10%. 2 We are assuming that squarks are basically degenerate. Note that essentially only left-handed squarks will contribute here, since SU (2) singlet squarks very rarely decay intoχ In mSUGRA the relevant masses are expressed as:
and mχ0
In [14] , it was shown that the two edges can be observed separately even ifχ 0 2 →ẽ L is not strongly phase space suppressed. It might also be possible to find evidence for light left-handed sleptons by looking into the relative strengths [22] . Under the bino dominant assumption, and for moderate value of tan β, neutralino annihilation through s−channel poles can thus not be important. On the other hand, for large tan β the pseudoscalar Higgs boson can be light enough to achieve mχ0 [22, 19] . However, in mSUGRA large tan β also implies a rather lightτ 1 , which greatly depletes the l + l − signal [23] ; the observation of strong multi-lepton signals would thus already indicate that tan β is not very large. Note also that for large tan β direct production of the heavy neutral Higgs bosons from gluon fusion and/or in association with bb pairs allows to detect or exclude these Higgs bosons at the LHC for m A up to several hundred GeV [24] . We will come back to the importance of determining m A later in Sec. 3.
In Fig. 1 and 2, we only looked into the parameter space with moderate ("natural") values of m and M. If m ≫ M, solutions with µ ∼ M may be obtained [19, 25] , and the assumptioñ χ [5, 26] , and the m ll distribution of three bodyχ 0 2 decays is sensitive to very large mẽ R [27] . Another twist appears whenχ We already briefly alluded to the case where mẽ R ≫ mτ 1 due to renormalization group effects andτ mixing. The lighterτ can be substantially lighter than the other sleptons if µ tan β is large [22] . In this case pair annihilation through t channelτ exchange can even dominate other sparticle exchange contributions [19] , becauseτ 1 could be lighter than the other sparticles, and the mixing induces an S−wave amplitude. In [28] the possibility to detect and studyτ at the LHC is discussed. The end point of the j τ j τ invariant mass distribution, where j τ denotes a τ −jet, is not as well determined as that of the m ll distribution, but it has been estimated that a ∼ 5% measurement should be possible. Even if the j τ j τ end point indicates mτ 1 < mẽ R , the constraint on mq, mχ0 2 and mχ0 1 from ll events originating from χ 0 2 →ẽ R decays can perhaps be used to reduce the mτ error, in which case the combined error should not increase too much. However, if tan β is very large, it becomes easier to have an acceptable LSP relic density even if mẽ R > mχ0
. In this case one may need a linear collider to perform precision measurements of the nature ofτ 1 [29, 30] , where στ 1 , the end point of the τ jet energy distribution, and a measurement of the τ polarization would do a good job in determining the parameters needed to predict the thermal LSP relic density.
3 Ωχ0 1 in non-mSUGRA scenarios and collider signals
In the previous section, we have shown that the mSUGRA assumption predicts a binodominant LSP. We also found that measurements at LHC experiments are sufficient for a prediction of Ωχ0
1 is open and LSP bino dominance is assumed. Now the question is if LHC experiments can be used to check the assumption that the LSP is mostly a bino. After all, it is possible that µ is smaller than or of the order of the gaugino masses, and that the mSUGRA relation M 1 ≃ M 2 /2 is broken. In this and the following Section, we discuss a scenario where the inequality M 1 < M 2 is kept, while µ is substantially smaller than the mSUGRA prediction. In such a case Z exchange effects and/or LSP annihilation into W pairs are expected to be more important than in the strict mSUGRA scenario studied in the previous Section, and one needs more information to predict the thermal contribution to Ωχ0 1 h 2 . The relative size between µ and M is controlled by Higgs sector mass parameters. The MSSM Higgs potential can be written as
.) + (4th order terms). (6)
Here m 1 and m 2 are soft breaking Higgs masses. In the previous Section we took m 1 = m 2 = m at the GUT scale, which gave
In general, |µ| ∼ M may be achieved by allowing non-universal soft breaking Higgs masses, m 1 , m 2 = m. For simplicity we will keep m 1 = m 2 ≡ m h at the GUT scale; we briefly comment on the effect of relaxing this assumption below.
In Fig 3a) , we plot |µ| vs. (m h /m) 2 . By increasing m h , µ is reduced gradually so that m 2 h + µ 2 at the GUT scale is roughly constant. Note that the negative radiative correction to Higgs mass m Fig. 3b ) and 3c), we also plot Ωχ0 1 and the b factor. These quantities vary substantially once |µ| falls below M 2 .
In Fig. 4 we show contours of constant Ωχ0 at the weak scale is almost independent of m 2 is closely related to the "focus point" behavior studied in ref. [25] . also reduces its mass. Not only Ωχ0 1 but also the b factor decreases, therefore pair annihilation is no longer dominated by sfermion exchanges. Especially in Fig. 4d ) we find very strong effects from LSP annihilation into W pairs. The same effect also can be found in Fig. 3b and  c) , where the rise of b and Ωχ0 1 corresponds to the closure of the W W mode. Note that no consistent solution with electroweak symmetry breaking exists below and to the right of the dashed line. 4 As mentioned earlier we assume the two soft breaking Higgs masses to be the same at the GUT scale. However, once tan 2 β ≫ 1, the higgsino mass |µ| is essentially only sensitive to the value of m 2 that we will derive below are therefore merely upper bounds as long as we cannot prove experimentally that m A is well above 2mχ0 andχ + 2 production from the decay of SU(2) doublet squarks becomes important as they have substantial wino component. This leaves an imprint on the kinematics of di-lepton events, which gives us access to additional MSSM parameters, especially when the decay channels of neutralinos and charginos into real sleptons are open. This increases the statistics of clean ll +jets+missing P T events, since the channels
should be seen in addition to the conventionalχ Note that there are substantial constraints on -ino masses and slepton masses from SU(2)× U(1) gauge invariance. The six chargino and neutralino masses are determined (up to radiative 4 Right on this line electroweak symmetry breaking requires µ = 0. Searches for neutralino and chargino production at LEP therefore exclude the region just above the dashed line. However, this experimentally excluded region is very narrow, since |µ| varies very rapidly near the maximal allowed value of m h , as shown in Fig. 3 .
5 When M 1 and M 2 have the same sign and |µ| is not too small, one of the neutralinos is very higgsino-like and would not be produced from the first and second generation squark decays. Here we implicitly assume M 1 < µ < ∼ M 2 , in which case the higgsino-like state isχ corrections [31] 
Therefore the measured edges and end points originating from several decay chains can overconstrain the relevant MSSM parameters. In Fig. 5 , we show variousq L decay branching ratios, defined as an average ofũ L and d L branching ratios. As m h increases we find substantial branching ratios into the heavier neutralino and chargino, once |µ| becomes comparable to M 2 . The sources of the rise of the ofχ These observations tell us that one should look forχ 
Discriminating experimentally between scenarios with |µ| > M, where these new signals are small, and |µ| < M 2 , where they are expected to be significant, would be important to predict the mass density of the Universe. In the next Section we illustrate how these new signals could be analyzed at the LHC.
4
Analyzing the MSSM with |µ| ∼ M at the LHC We now study leptonic SUSY signals at the LHC for a case whereχ + 2 production fromq L decays is sufficiently common to be detectable. We used ISAJET 7.42 [32] to generate signal events, while ATLFAST 2.21 [33] was used to simulate the detector response. For this analysis we choose the MSSM parameter point shown in Table 1 . Here we took a moderate value for M, leading to a large sample of signal events.
The value of the GUT scale Higgs mass is chosen such that theB component ofχ 0 1 NB = 0.9, so that effects from its other components on the predicted LSP relic density start to be significant; (NB, N W , NH Reducing |µ| even further (by increasing m h ) would lead to even larger differences to well-known mSUGRA scenarios, making it easier to measure all relevant parameters.
In pp collisions one mostly produces squarks and gluinos. They decay further into neutralinos and charginos. In our case gluinos do not decay exclusively into third generation squarks; the branching ratio into first and second generation left handed squarks is about 20% (11.3% intoũ L and 9.6% intod L ). These squarks then often decay intoχ Table 2 . The tiny branching ratio intoχ 0 3 is due to the fact that it is mostly higgsino. In Table 3 we show the dominant cascade decay processes which produce opposite sign same flavor lepton pairs in the final state. In this Table we also list the corresponding end points of the kinematic distributions discussed in Sec. 2, see eqs. (3) and (4) .
We now show several SUSY event distributions, after applying the following cuts [26] to reduce the SM background to a negligible level: Table 3 : End points or edges of invariant mass distributions (in GeV) for different decay processes.
• 4 jets with P T,1 > 100 GeV and P T,2,3,4 > 50 GeV.
• M eff ≡ P T,1 + P T,2 + P T,3 + P T,4 + E / T > 400 GeV.
• E / T > Max(100 GeV, 0.2M eff ).
• Two isolated leptons with P l T > 10 GeV and |η| < 2.5. Isolation is defined as having less than 10 GeV energy deposited in a cone with ∆R = 0.2 around the lepton direction.
In the following plots we reduce SUSY backgrounds by subtracting event samples with different flavor, opposite sign dileptons (e + µ − and µ − e + ) from the sum of the e + e − and µ + µ − event samples. To do this consistently we require two and only two isolated leptons in the final state. 6 We generated events corresponding to an integrated luminosity of 200 f b −1 , but the figures are normalized to 100 f b −1 . In Fig. 6 we show the di-lepton invariant mass distribution for our representative point. After the subtraction of eµ events, we see a distribution with at least four edges.
7 They are consistent with those found in Table 3 . Note that a rather weak edge from decay D3) should appear very close to the one from D2) in both the M ≫ |µ| and |µ| ≫ M limit; mχ+ Table 1 .
and mν ∼ mẽ L hold in a wide region of parameter space. The two edges must be separated out by fitting the smeared m ll distribution. Note that since the kinematics of two decay chains is expected to be similar, the systematic errors associated with the fitting should be small. It seems that at least the first four m ll edges can be used for the fit of MSSM parameters, while it is not clear if the last one is detectable statistically.
We then follow the analysis of [14] , by taking the jets with the first and the second largest P T and considering their m jll distributions. We label j 1 and j 2 so that m j 1 ll < m j 2 ll . We then find that most events have m j 1 ll below ∼ 400 GeV. The m jll distribution will contain events from the different decay chains listed in Table 3 , but they can easily be separated out by requiring m ll to lie between certain values. For example, if we require that m ll < 55 GeV (Fig. 7a) and 55 < m ll < 125 GeV (Fig. 7b) , the distributions should dominantly contain events from decay chains D1) and D2), respectively. In Fig. 7a ) the m jll end points are indeed consistent with the values of end points listed in Table 3 . The distribution in Fig. 7b ) is somewhat smeared out near the end point, due to contamination fromχ 0 4 decays. In the next step we select events where m j 1 ll < 500 GeV < m j 2 ll ; the resulting m jll distributions are shown in Figs. 7c) and 7d). These additional cuts have been applied in ref. [14] because they reduce the probability to select the "wrong" jet, which does not come from primaryq L decays. The m j 1 ll distribution is then substantially harder, better reflecting the distribution of the "correct" jet. Especially for events with 55 GeV< m ll < 125 GeV, the m j 1 ll end point of decay D2) can be seen more clearly over the distributions fromχ 0 4 decays D4) and D5), which have higher m j 1 ll edges.
In Figs. 7c ) and d), we nevertheless see some continuous background near the end point of m j 1 ll which cannot be explained byχ 0 4 contamination. Note that for our choice of parameters, q L is considerably lighter than for the case studied in [14] ; moreover, mχ+ 2 is not too small compared to mq. The probability that one of the two hardest jets does not come from primary squark decays should therefore be higher than in the example analyzed in ref. [14] .
These mis-reconstructed events also contaminate the m max j 1 l edge if we demand m j 1 ll < 500 GeV < m j 2 ll , as can be seen in Figs. 8a) values in each event. However, the edges seem to be higher than the expected values in Table 3 . Note that we exclude events with m ll ∼ m Z becauseχ + 2 → Zχ + 1 followed by Z → ll has a higher m j 1 l edge. For the sample with m ll < 55 GeV, the contamination is seen as a change of slope, while for the samples with 55 GeV< m ll < 85 GeV or 95 GeV< m ll < 125 GeV, no structure can be seen near the expected end point.
This contamination actually was to be expected, because the events that fall above the real m j 1 ll edge must be mis-reconstructed events where the jet originates from another sparticle decay or QCD radiation. Therefore the corresponding m jl has no need to respect m max jl , either; it tends to have a value larger than this nominal end point. The artificial upper limit of the m j 1 ll distribution imposed by the cut then distorts the event distribution in Fig. 8 b) . We find that the m j 1 l distribution without the requirement m j 1 ll < 500 GeV < m j 2 ll reproduces the m max jl end point of decay chain D2) better for the events with 125 GeV> m ll > 95 or 85 GeV> m ll > 55 GeV (Fig. 8c) , although the distribution is still affected somewhat by events coming fromχ . This distribution is much harder than the corresponding eµ distribution; this is a sign that the observed lower edge is real. The fit of the end point distributions will be given elsewhere [34] . We now discuss the possibility to identifyχ Table 2 , producing a τ lepton in the last step of the cascade decay. The τ ll invariant mass never exceeds mχ+ 2 − mχ0
1
. Hadronic τ decays might be identified by looking for a narrow jet that is isolated from other jet activity. Instead of studying the jet selection, we use information from the event generator to chose jets consistent with the parent τ direction in the event list. The jet with minimum dR is selected as τ −jet if dR < 0.3, |η| < 2.5 and P T /P T j > 0.9, where P = P τ − P ντ . We plot the m min jτ ll distribution, where j τ is selected so that m jτ ll is minimal if the event contains several τ −jets.
When we compare the distributions for m ll < 55 GeV (Fig. 10a ) and 55 GeV < m ll < 125 GeV (Fig. 10b) , we find the latter events clustered in the region m jτ ll < 190 GeV, while no such structure is found for the events with m ll < 55 GeV. The only possible interpretation would be that most ll pairs with 55 GeV< m ll <125 GeV stem from the decay of a charged particle,χ + 2 . In the above plot, we are assuming 100% acceptance of τ jets and no contamination from QCD jets. A rejection factor of O(10 2 ) against QCD jets together with a 40% τ identification efficiency might be possible in the ATLAS experiment for jets with P T > 30 GeV [24] . In [28] , the fake tau distribution is studied assuming a rejection factor of 15 for the case wherẽ χ 0 2 decays dominantly into τ + τ −χ0
1 . Fake τ backgrounds are then sizable in the region above the edge of the signal τ + τ − distribution. The use of the j τ ll distribution to clean up theχ
sample might nevertheless help to reconstruct edges from decay chain D2).
Parameter Fitting
In the previous subsection, we checked if it is possible to reconstruct the end points of invariant mass distributions involving charged leptons. Statistically, it seems possible to do so for decay modes D1) and D2). This constrains mass differences amongq L ,χ
We expect that these masses can be reconstructed with O(10) GeV errors, as was the case in ref. [14] . However, the corresponding errors on some MSSM parameters are significantly larger.
In order to illustrate this point, we list two sets of MSSM parameters which reproduce all kinematic end points within ∆χ 2 = 1, where ∆χ 2 is defined as
Here M i runs over all five end points, m . In Table 4 , we list the solution with maximal and minimal µ (for tan β ≤ 20) that satisfy ∆χ 2 ≤ 1. Table 5 : Neutralino and chargino masses in GeV for the maximal and minimal µ solution.
Note that the errors of the dimensionful parameters are strongly correlated, so that solutions with ∆χ 2 < 1 almost fall onto a one-dimensional line in the seven-dimensional parameter space. Table 4 shows that the kinematic quantities we have used in the fit give rather weak constraints for M 2 and µ, with errors of order 20 GeV to 50 GeV. In fact, for fixed tan β we find two distinct sets of solutions, with µ > M and µ < M, respectively. Moreover, one cannot fix the actual value of tan β from this fit; one can only determine that tan β > ∼ 8.65 where the minimum is achieved when M 2 ∼ µ. Table 5 shows that the corresponding chargino and neutralino masses only vary within 15 GeV between the two extreme solutions (except forχ 0 3 , which is almost not produced iñ q decays). Hence one will need additional information, beyond the kinematics of the decay chains D1) and D2), to reduce the errors on the fundamental parameters.
Reducing the errors on µ and tan β would be necessary to predict the thermal relic density accurately. The µ (max,min) solutions predict Ωχ0 2 are possible if we relax the upper bound on tan β, which was imposed "by hand" in this fit. For example, there is a solution with tan β = 36 and (M 1 , M 2 , µ, mq, mẽ R , mν) = (108. 3, 194.7, 239.3, 576.9, 148.0, 203.9 ) (all masses in GeV), giving Ωχ0 1 h 2 = 0.112. We hence need to reduce the errors on both µ and tan β. The former determines the size of the higgsino components of the LSP, which begins to be significant in this region of parameter space. The product µ tan β determines the amount ofτ L −τ R mixing, which reduces the predicted relic density through a reducedτ 1 mass and enhanced S−wave annihilation. In the following we discuss strategies that might be useful for reducing the errors on these two quantities.χ Table 7 : Branching ratios for the maximal and minimal µ solution. We assume universal soft sfermion masses and A τ = 0 at the weak scale.
One possibility is to measure some branching ratios. In Table 6 , we compare theq decay branching ratios into charginos and neutralinos for the two solutions. Note that the ratio of theχ + 2 andχ 0 2 modes increases by more than a factor of three, from 0.45 to 1.71 forũ L decay and from 1.11 to 4.25 ford L decay, when switching from the µ max solution to the µ min solution. This is almost entirely due to the change of µ; the value of tan β is not important here (as long as tan 2 β ≫ 1). The relative strengths of the signals from decay chains D1) and D2) should thus yield important information to reduce the errors on MSSM parameters. The strengths of these signals can be extracted purely kinematically, e.g. from the relative number of events with m ll below theχ 0 2 andχ + 2 edge, respectively, and/or by trying to determine the fraction of di-lepton events that have a τ −jet near the charged lepton pair, as discussed above. For a given solution in Table 4 , all chargino and neutralino mixing angles and masses are fixed. As stated above, this is a fairly constrained fit where all relevant sparticle masses are effectively described by one parameter. The acceptances should then be very well calibrated from the mass constraints, so that systematic errors should be small.
In order to extract squark branching ratios from the number of events with a lepton pair in the final state, one must know Br(χ 0 2 →ẽ R ) and Br(χ + 2 →ν L ). These branching ratios also depend on MSSM parameters, as shown in Table 7 . Here we assume that theτ and ν τ soft breaking mass parameters are the same as for first and second generation sleptons. We compute theτ mixing angle by setting A τ = 0 at the weak scale; whenever it is sizable, τ L −τ R mixing is anyway dominated by the contribution ∝ µ tan β. With these assumptions all parameters required to compute these branching ratios can in principle be extracted from the kinematic fitting described above.
The least critical quantity in Table 7 is the branching ratio forν e →χ + 1 decays. It decreases slightly with decreasing µ, due to the shrinking wino component ofχ + 1 . However, this effect is weaker than the simultaneous increase of Br(χ + 2 →ν e ), which is due to the increasing wino component ofχ + 2 . The strength of the signal from decay chain D2) is proportional to the product of these two branching ratios, which varies between 0.027 and 0.041. Together with the simultaneous change of Br(q L →χ + 2 ) shown in Table 6 , this means that for our choice of parameters the signal strength of D2) decreases rapidly with increasing µ. Moreover, the relevant branching ratios do not depend significantly on the details of theτ sector, and can thus be predicted fairly reliably from the quantities listed in Table 4 . Unfortunately this is not true for the branching ratio forχ 0 2 →ẽ R e decays, which does depend strongly on the mass and mixing angle ofτ 1 . Note that the prediction in Table 7 for the input point (0.296) differs from the input value in Table 2 (0.236). This is because we ignored the reduction of soft breakingτ masses through RG effects when computing the 8 In principleχ entries of Table 7 . In the given case these effects only reduce mτ 1 by ∼ 5 GeV. This is sufficient to increase the partial width forχ 0 2 →τ 1 τ significantly; note thatχ 0 2 →ll decays are pure P-wave in the limit m l → 0, and the available phase space for these decays is not large in our case. Since for both fit solutions shown in Table 4 tan β is significantly larger than the input value, these solutions predict even lighterτ 1 states and enhancedτ L −τ R mixing. The use of these parameters would therefore underestimate the true branching ratio forχ 0 2 →ẽ R e decays significantly.
In order to extract the squark branching ratios of Table 6 to better than a factor of 2 one will therefore need additional information on theτ sector. This might be obtained by studyingχ
1 decays. As mentioned at the end of Sec. 3, it should be possible to determine the edge of the di−τ −jet invariant mass distribution to ∼ 5%. This would be sufficient to detect large differences betweenτ andẽ masses; however, it would not suffice to distinguish between the three cases used in Table 7 . To this end one would need to determine the ratio of branching ratios forχ 1 decays. The precision of this measurement might be limited by systematic effects, since the two signals have very different efficiencies. 9 However, given that this ratio of branching ratios differs by more than a factor of 4.5 between the three scenarios of Table 7 we think it likely that its measurement will help to reduce the errors of the extracted squark branching ratios significantly. Finally, once a linear collider of sufficient energy becomes available precision studies ofτ 1 production and decay will be possible [29, 30] .
Let us summarize this somewhat complicated discussion by turning the argument around. One should first extract information about theτ sector, e.g. by comparing signals from χ
1 to those fromχ
1 . This will give information on the soft breaking masses in theτ sector as well as on the product µ tan β. This information, together with the result of the kinematic fit described above, will allow one to predict the branching ratios of the decays listed in Table 7 with reasonable precision. This in turn will allow to translate the measured strengths of the signals from decay chains D1) and D2) into squark branching ratios. Finally, these branching ratios can be used to greatly reduce the error on µ.
Another way to further constrain the relevant MSSM parameters is to includeχ 0 4 decay edges from decays D3) and D4) in the fit. Just measuring m edge ll values of these decay modes with 1% errors allows to reduce µ max to 214 GeV. However, this would still not allow us to give an upper bound on tan β. 10 Moreover, this edge may not be visible for larger gluino and squark masses, where the production cross section is substantially smaller.
Given that the very weak upper bound tan β ≤ 20 which we imposed in the fit summarized in Table 4 is sufficient to predict Ω th χ 0 1 h 2 ≃ 0.135 ± 0.03, it seems certain that the strategy outlined above will again allow to predict the thermal relic density to better than 20%. The only loophole occurs if tan β is very large. In this case theχ 0 1 −τ 1 mass difference becomes so small that the τ fromτ 1 decays become effectively invisible at hadron colliders. At the same timeτ 1 −χ 0 1 co-annihilation reduces the predicted LSP relic density by up to a factor of ten [35] . One would then need to increase m and/or M in order to get a cosmologically interesting value of Ωχ0 1 h 2 ;χ 0 2 →ẽ R e decays may not be open. In this case straightforward kinematic fitting as we described here will not be possible at the LHC, although one should still get a hint for the relative ordering ofτ 1 andẽ R masses by observing τ −jets in missing E T +jets events, which will yield the most robust SUSY signal in this case. In such a somewhat contrived scenario kinematical precision measurements would probably only be possible at a 9 Since theχ 0 2 −τ 1 mass difference is quite small, one may have to allow one of the τ −jets to be quite soft. 10 Including this new information gives the strong upper bound tan β ≤ 11 at the 1σ level, but tan β = 20 remains allowed at 2σ. lepton collider.
Discussion
In this paper, we argued that LHC experiments can play a substantial role in predicting the contribution Ω On the other hand, if Nature does not respect universality of all scalar soft breaking masses, it is possible that µ ∼ M. In such a case, one needs to know µ and M in addition to mχ0 In the end it should again be possible to predict the thermal LSP relic density with an error of 20% or better even in this more complicated scenario. In fact, this scenario is advantageous, since it allows us to determine both the gaugino and higgsino components of the LSP; these are needed to predict the strength of the LSP couplings to Higgs bosons, which in turn are required for predicting the LSP-nucleon scattering cross section. In mSUGRA scenarios with |µ| > M one can probably only establish an upper bound on the higgsino component of the LSP, which only allows one to derive upper bounds on LSP-Higgs couplings.
Notice that we only used information that can be extracted from studies at the LHC to arrive at this rather optimistic conclusion. If any one of the relevant masses could be determined with better precision elsewhere, e.g. at a lepton collider, the allowed region would shrink significantly, since the fit of hypothetical LHC data resulted in an almost one-dimensional ∆χ 2 ≤ 1 domain.
In this paper we discussed the case where m ≪ M so that neutralino decay into sfermion is open. This is a good assumption ifχ In this paper, we did not study the case where µ ≪ M 1 , M 2 , where the higgsino-like statesχ production from squark decays in addition toχ 0 3 production, which is now mostlyB. If scalar masses are not too large so that decays of the heavier neutralinos and charginos into real sfermions are open, the analysis is similar to the one that has been given in Sec. 4 . If the sfermion decay mode is closed, the decay to a (virtual) Higgs boson might play an important role, unlike the case where µ ∼ M. While on-shell Higgs bosons produced in SUSY cascade decays can be identified [24] , the kinematical fitting would be more difficult since it would be entirely based on jets. Note, however, that the thermal relic density of higgsino-like LSPs is small unless mχ0 1 > ∼ 500 GeV, in which case it might be difficult to even discover supersymmetry at the LHC.
We also did not discuss the case where M 2 ≪ M 1 , µ suggested in models with anomaly mediated supersymmetry breaking [8] . These models predict a rather heavy gluino. This results in a limited number of events even at the LHC, making precision studies rather difficult. In models with a not too heavy gluino while keeping M 2 ≪ M 1 , µ, the relative number of events fromB →ẽ R andB →ẽ L might be useful to show that M 1 ≫ M 2 , if both modes are open. This would be sufficient to show that the thermal LSP relic density is small, independent of the relative ordering of M 2 and µ, since both wino-like and higgsino-like LSPs with mass in the (few) hundred GeV range annihilate efficiently.
We thus conclude that whenever LHC experiments find a large sample of SUSY events, it will be possible to either predict the thermal relic density of LSPs with a fairly small error, or else one will be able to conclude that thermal relic LSPs do not contribute significantly to the overall mass density of the Universe. In the latter case one would need physics beyond the MSSM, and/or a non-thermal LSP production mechanism, to explain the Dark Matter in the Universe.
